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The photons scattered by the Compton effect can be used to characterize the physical properties of a
given sample due to the inﬂuence that the electron density exerts on the number of scattered photons.
However, scattering measurements involve experimental and physical factors that must be carefully
analyzed to predict uncertainty in the detection of Compton photons. This paper presents a method for
the optimization of the geometrical parameters of an experimental arrangement for Compton
scattering analysis, based on its relations with the energy and incident ﬂux of the X-ray photons. In
addition, the tool enables the statistical analysis of the information displayed and includes the
coefﬁcient of variation (CV) measurement for a comparative evaluation of the physical parameters of
the model established for the simulation.
& 2012 Elsevier B.V. Open access under the Elsevier OA license.1. Introduction
The Compton effect is a phenomenon of interaction of X or
gamma rays with the matter and its discovery has marked the
evolution of classical physics into modern physics. It is still used
as an example of a theoretical demonstration of relativistic
quantum mechanics and quantum theory of ﬁelds. Such an effect
demonstrates the angular distribution of radiation and scattered
electrons as well as the shift in the frequency of the scattered
photons.
It is important to observe that the Compton scattering is
proportional to the electron density of the material under analy-
sis. It is characterized by an inelastic event since there is energy
loss. The photon shifts its initial path and an electron of the atom
outer layer is removed from its orbit. However, due to the mass
difference, an electron can never fully absorb the photon energy.
The relationship between the energy of an incident photon and
that of a scattered photon is given by the equation:
E
E0
 
¼ 1
1það1cosyÞ ð1Þ
where E is the scattered photon energy [keV], E0 is the incidentInstrumentation Center and
of S~ao Paulo. Rua XV de
vino Jr.),
evier OA license.photon energy [keV], a is the ratio between energy E0 and the rest
energy of an electron (ﬃ511 keV) and y is the scattering angle.
When a beam of monochromatic photons of incident energy
E0, in a photon ﬂux F0, interacts with a sample of homogeneous
material of thickness x, the emergent ﬂux F can be written as the
Beer–Lambert equation:
F¼F0em:x ð2Þ
where m (cm1) is the linear attenuation coefﬁcient for a material
of physical density r (g/cm3) and atomic number Z and x is the
thickness of the sample.
For energy values over 10 keV, when the molecular binding
energy is low, it is reasonable to assume that m (cm1) is directly
proportional to the physical density and therefore:
F¼F0eðm=rÞr:x ð3Þ
where m/r (cm2/g) is the mass attenuation coefﬁcient, which is
proportional to the total cross-section per electron set ðEÞ (cm2/
electron) as follows:
m
r ¼
set ðEÞZNA
A
ð4Þ
where NA is the Avogadro’s number (6.0210þ23 atom/mol), Z is
the atomic number and A is the material atomic mass. Therefore,
the linear attenuation coefﬁcient can be given by:
m¼ rs
e
t ðEÞZNA
A
or m¼ set Eð Þ
rZNA
A
 
: ð5Þ
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electrons per cubic centimeter is given by:
de ¼ r ZNA
A
: ð6Þ
Furthermore, substituting Eq. (6) into Eq. (5), the result leads
to:
m¼ set ðEÞde: ð7Þ
On the other hand, in a general way the total cross-section
set ðEÞ can be written as the addition of the different cross-sections
contributions related to the manners of radiation interaction with
the matter, given by:
set ðEÞ ¼ sephðEÞþseCðEÞþseRðEÞþseNIðEÞ ð8Þ
where sephðEÞ, seCðEÞ, seRðEÞ and seNIðEÞ represent, respectively, the
cross-sections for the following effects: photoelectric [1–3],
Compton scattering [4], Rayleigh scattering [5,6], and the nuclear
interactions [7,8].
For the energy range between 10 and 300 keV, in which the
probability of occurrence related to the Rayleigh scattering and
the nuclear interactions is almost null in comparison with the
predominant effects, these effects can be neglected. Therefore,
Eq. (8) can be written as follows:
set ðEÞﬃsephðEÞþseCðEÞ: ð9Þ
Additionally, the photoelectric cross-section sephðEÞ [9] can be
expressed by:
sephðEÞ ¼ kZ3ef ð10Þ
where k is a constant.
By now, substituting Eq. (10) into Eq. (9), one has
set ðEÞ ¼ kZ3ef þseCðEÞ: ð11Þ
Additionally, substituting Eq. (11) into Eq. (7), it is possible to
ﬁnd:
m¼ ½kZ3ef þseCðEÞde or m¼ de½kZ3ef þseCðEÞ: ð12Þ
In the energy range in which the Compton effect is prevalent,
Eq. (12) can be written as:
m¼ desecðEÞ: ð13Þ
Besides, for a ﬁxed energy and for non-hydrogen materials,
Eq. (4) can be rewritten as:
m
r
¼ constant, ð14Þ
demonstrating that the linear attenuation coefﬁcient is only a
function of the material physical density.
On the other hand, the Klein–Nishina cross-section [10,11] for
a free electron is given uniquely by the relationship between the
energy and the scattering angle:
desKNðEÞ
dO
¼ r
2
0
2
1þcos2y
ð1það1cosyÞÞ2
1þ a
2ð1cosyÞ2
ð1þcos2yÞð1það1cosyÞÞ
" #" #
ð15Þ
where r0 is the classical electron radius (ﬃ2.8181013 cm)
[12]. Eq. (15) is considered valid when the photon energy is much
higher than the electrons binding energy of the sampled material.
The photon beam that reaches the sample is attenuated in the
path between the source and the sample and also between the
sample and the detector. The resulting count of scattered photons
is given by:
S¼F0exp 
Z
x1
m1ðxÞdx
Z
x2
m2ðxÞdx
 
desKN
dO
dedVdO ð16Þwhere m1 and m2 are the linear attenuation coefﬁcients in the
paths between source and sample (x1) and sample and detector
(x2), respectively, dV is the scattering volume and dO is the
detector ﬁeld of view.
In 1988 and 1989, Hanson, Gigante and collaborators devel-
oped a mathematical method to visualize the geometry of the
energy distribution scattering and also the angular variation of
the Compton scattering related to the geometry of a given
experimental arrangement [13–15]. The authors obtained con-
stant scattering angles and constant scattered energy toroidal
contours, by ignoring the absorption effects. They also highlighted
the importance of observing the energy contours within a
scattered volume, since they determine the magnitude of the
geometric effects.
In 1992, Cesareo and co-authors published applications on
techniques that used the interaction of photons (in keV range)
with the matter [16]. Among these techniques, some research
trends in the area of correlation between the Compton proﬁle and
the composition of the material under analysis were observed.
In 1993, Prettyman and collaborators described a visualization
method of composition and density of industrial samples
obtained through the combination of direct transmission tomo-
graphy and a Compton scattering imaging system [17]. The dual-
energy direct transmission tomography determined the map of
linear attenuation coefﬁcients, which provided a relationship
between the effective atomic number and the effective atomic
density. In this study, the Compton scattering imaging system
determined a mapping of the sample electron density. The
authors concluded that both theoretical results obtained by the
Monte Carlo method through constructed projections and also by
the experimental results presented good agreement and reliabil-
ity to the parameters of the model developed to measure the
response.
Also in 1993, Balogun and Spyrou investigated the inﬂuence
that materials of high and low atomic number Z exert on
Compton tomography images [18]. They used copper (Cu - low
Z) and lead (Pb - high Z) and suited them in an aluminum (Al)
phantom. The research showed that the edge could be faithfully
reproduced depending on the difference of electron density
between the two materials involved. Such a difference should
be at least 60% higher or lower in function of the phantom
composition material.
In 1994, Norton developed a technique for the reconstruction
of tomographic images using the number of scattered photons
detected as an energy function and also for the positioning of the
detector [19]. The result was an electron density image that could
be reconstructed from measurements of its line integrals over
several overlapping circular paths. This result presented an
analytical solution to the problem of idealized image reconstruc-
tion. The author emphasized that the Back-Projection Method
was computationally efﬁcient compared to methods based on the
numerical inversion of large equation systems.
In 1997, Harding studied the Compton scatter imaging (CSI) and
its applications to biomedical sciences and industry [20], emphasiz-
ing its important role in the contrast of radiographic images.
Harding mentioned corrosion tests on aircraft fuselage, on radar
satellite platforms and on sonar domes. He also analyzed preserva-
tion processes of mummiﬁed bodies in the biomedical area.
Also in 1997, Hubbell published a review about Compton
scattering, validating the use of this as a function [21]. He
concluded that, despite the necessary approximations, the Comp-
ton scattering factor was a useful tool for radiation transport and
triple production calculations (pairs of electron–positron in the
atomic electron ﬁeld). Moreover, he highlighted that non-relati-
vistic theoretical tabulations, produced by the Compton scattering
function, showed accuracy to the order of 5% or higher for small
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larger angles and high atomic numbers, the values could reach
accuracy of the order of 20%.
In 1999, Balogun conducted a numerical study on the variation
of scattering angles and their inﬂuence on the scattered volume
versus distance of the source-scattering center and different-sized
collimators [22]. The author concluded that there was a certain
symmetry between the volume at both forward and backward
scattering angles in the range of 9017301. However a rapid
increase in the scattering volume was observed in the angle
conﬁguration that exceeded 901 for both analyses (source-scat-
tering distances and collimator sizes). He also highlighted that a
low spatial resolution was observed for angles larger than 901.
In 2000, Balogun and co-authors presented a numerical
method to estimate the common volume of the intersection
between two cones that represented the source and detector
ﬁelds of view [23]. Additionally, they compared three methods:
(i) one with a sequential scan of an elemental volume, presented
as a paper in the previous year, (ii) a deterministic one and, (iii)
another that uses the Monte Carlo technique. The authors con-
cluded that the use of the Monte Carlo technique was efﬁcient
during the execution time in comparison with the two other
methods and all the three algorithms converged to lower than
0.1% of the mean value.
In the same year, Cruvinel and Balogun built a dual-energy
minitomography scanner for Compton scattering measurements
used for agricultural applications [24]. The results showed a linear
relationship between the size of soil aggregates and Compton
measurement with a regression coefﬁcient better than 0.95 for
the bulk density and 0.70 for water content. The minimum
detected density was 0.13 g/cm3 and the minimum detected
moisture was 0.10 cm3/cm3, corresponding to 2% and 5% of
precision, respectively.
Also in 2000, Yalc- in and collaborators used a gamma ray
energy source (241Am) corresponding to 59.5 keV and a Ge-type
(Li) detector positioned in a scattering angle of 1101 to analyze
the Compton scattering functions of some chemical elements,
such as aluminum (Al), iron (Fe), nickel (Ni) [25]. The experi-
mental results showed an error rate of less than 11% and good
agreement with the theoretical values.
In 2001 and 2002, Cesareo and co-authors designed and built
an instrument to measure and to image samples through X-ray
scattering [26]. The authors conducted studies on Compton and
Rayleigh scattered radiation, including Compton proﬁle measure-
ments through an X-ray tube and a semiconductor detector. The
experimental values were in accordance with the theoretical
ones. In 2002, Cesareo and collaborators built a ﬁrst-generation
tomograph to measure photons through Compton scattering [27].
The authors emphasized that the main advantages obtained by
Compton tomography were (i) measurements of objects which
were not accessible in all directions and (ii) a good contrast
between the air and the material, at least theoretically. The
disadvantages were (i) a lower count of photons due to the
object-detector solid angle, in which greater energy X-ray tubes
were needed and (ii) multiple scattering within the object, which
reduces the image quality.
In 2003, Balogun and Cruvinel used Compton tomography to
analyze the compaction of agricultural soils [28]. They used a
deﬁned-volume soil sample to obtain images of the soil density
distribution through the number of photons identiﬁed by Comp-
ton scattering. The tomographic images obtained were presented
with resolution, shape and edge deﬁnition contrasts. The authors
highlighted that in order to obtain a higher level of both efﬁciency
when detecting photons and spatial resolution, a focusing colli-
mator was necessary to partially compensate the low cross-
section for the Compton effect. In tomography with Comptonscattering photons, the choice of scattered energy was given by
the scattering angle, the materials to be analyzed and the size or
the depth of the sample. According to the authors, in some
applications, as soil analysis, the use of low energy photons
(r60 keV) was indicated for studies of surface phenomena, like
soil sealing. When deep knowledge was required, as in soil
compaction, higher-energy photons favored the analysis.
In the context of simulation tool and software for physical
experimental setups, also in 2003, Agostinelli and co-workers
developed a simulation computational tool called GEANT4—a
simulation toolkit [29]. The software simulated the passage of
particles through the matter and presented a broad set of
functions, such as tracking, geometry, physical models and colli-
sion. Some physical processes, like electromagnetic and optical
ones, were available in the tool. In addition, a large set of
particles, materials and elements over a wide starting energy
range (from 250 keV to 1 TeV) were also available.
In 2004, Roy and Pratt compared the Klein–Nishina cross-
section theory with the measurements (from 11 to 40 keV) of the
whole atom and used a synchrotron-type X-ray source [30]. The
results showed the experimental comparison of the cross sections
measured by both conventional and synchrotron sources and by
using the predicted values of the Incoherent Scattering Factor
(ISF). The measurements performed with conventional sources
were scattered, with the ISF magnitude difference ranging from
5% to 50%, while the measurements taken by the synchrotron
source showed a low difference in percentage. In order to conﬁrm
the adequacy of the theoretical treatment, the authors high-
lighted the importance of working not only with Compton
scattering measurements in the range below 10 keV, but also
with a greater number of work using angles different from 901
and different atomic number Z values.
In the same year, So¨g˘u¨t and collaborators investigated the
dependence on the average atomic number of coherent/incoher-
ent scattering intensity ratio in molecules. The source used
provided 59.5 keV of gamma rays [31]. They observed that the
intensity of Rayleigh/Compton scattering was directly propor-
tional to the increase in the effective atomic number.
Also in 2004, Rao and co-authors have obtained results ranging
from 5 keV to 10 MeV in the Klein–Nishina cross-section for
subshells of 12 biologically interesting chemical elements [32].
The data generated were used for simulating photon transport
within the matter. The cross-sections for the complete atom
obtained after summing the subshells data and the results have
been in accordance with the previous values.
In 2005, C- onka-Nurdan and co-authors developed a system
using a coincidence Compton camera (Anger-type) with a silicon
drift detector [33]. It was constructed to study coincidence events
and the possibility of tracking a recoil electron. The measure-
ments could be performed in all the detector orientations and
kinematic conditions.
In 2006, Cruvinel and Balogun applied Compton scattering
tomography to analyze the density and the content of water in
soils [34]. The quantitative results were obtained through the
application of the reconstruction algorithm, which took the
absorption of incident and scattered radiation into account. The
authors compared the values of linear attenuation coefﬁcients in
soil density measurements with the Compton and the direct
transmission techniques, obtaining a correlation factor of 0.81.
For measurements of water content, the correlation factor
obtained was 0.79. However, they compared the Compton tech-
nique with the Time Domain Reﬂectometry (TDR) technique.
Also in 2006, Pasˇic´ and Ilakovac measured the Compton
scattering to investigate the Compton scattering function by the
Coincidence Method for outer layer electrons [35]. The data on
the double-differential Compton scattering cross-sections with
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the approximation of non-relativistic impulse were in conformity
with the data obtained by the coincidence method.
In 2007, Donativi and co-authors analyzed chemical elements
and compounds that presented low atomic number Z (512)
using scattered and monochromatic radiation, but with Rayleigh/
Compton (R/C) ratio information approach [36]. The authors used
the R/C ratio instead of analyzing Rayleigh and Compton effects
separately, because the ratio was dependent on neither the
geometric arrangement nor the material physical density, but
on high powers of Z and could characterize and identify materials
with low Z values. Using an X-ray tube and a detector positioned
at a 901 scattering angle, the results showed accordance with the
theoretical and practical values. The results demonstrated that
the technique was a good alternative for measuring materials that
presented low Z values and similar linear attenuation coefﬁcients.
In the same year, Seo and collaborators used images obtained
by a double-scattering Compton camera (DOCI – Double-Scatter-
ing Compton Imager) together with the GEANT4 simulation soft-
ware [37] by the Monte Carlo method. The simulation model
included the detector geometric details, the energy resolution, the
spatial resolution and the discrimination levels of both source
energy and detector. The aim was to improve the efﬁciency and
the resolution of the Compton camera using two detectors as
scatterers, instead of one, and one detector as the absorber. The
scatterers had to locate the Compton scattering and the energy
deposited in the process, while the absorber had to determine the
location and the energy of the photon absorbed. The results
showed a signiﬁcant increase in the Compton camera resolution
with the use of two scatterers; however the efﬁciency obtained
was still considered low, approximately 10% in comparison with
the system of a scatterer. The authors reported that such efﬁ-
ciency could be improved by placing multiple high-resolution
detectors for each of the two scatterer detectors.
In 2008, these authors modiﬁed the geometric conﬁguration
with the double-scattering Compton camera in an attempt to
maximize its efﬁciency [38]. After a simulation with the GEANT4
software, two scatterer detectors were placed in parallel and 8 cm
apart from each other. For gamma ray energy of approximately
500 keV, the results showed an image resolution of 8.6 mm
(FWHM—Full Width at Half Maximum) and a sensitivity of
1.3107. In addition, the authors highlighted that the simula-
tion indicated the Compton camera would perform better in this
case and could be used for PET (Positron Emission Tomography)
tomographic image applications for analyses of the human body.
In 2009, Yao and Leszczynski presented an analytical approach
to approximately separate the unknown information of the Klein–
Nishina cross-section formula and express them through the
primary intensity of X-rays in the detector [39]. The approach
was compared with the exact solution of the Klein–Nishina cross-
section and the simulations performed using the Monte Carlo
method. The result showed that the approximate relation
between the ﬁrst-order scattering and the primary intensity
ﬂuence in the detector was useful to estimate the scattered
radiation on physical projections from a phantom.
In the same year, Hartemann published a review on linear and
nonlinear Compton scattering compared with Thomson scattering
[40]. The author pointed out that two distinct processes played
important roles in the nonlinear regime, namely multi-photon
interactions and the radiation pressure. Both phenomena inﬂu-
enced the source brightness, demanding different modeling
strategies.
In 2010, Pratt and co-authors wrote a literature review
describing the recent ﬁndings on the Compton scattering of
bound electrons [41]. The authors highlighted the advances of
the Compton scattering theory and drew particular attention tothe Impulse Approximation technique, which provided a broad
description of the Compton effect on its peak region.
Also in 2010, Pires and co-authors published a literature
review of the last 25 years of computed tomography in Brazil
for the analysis of soil physics [42]. Among the tomography
techniques, they pointed out the results obtained by Compton
effect tomography for the analysis of soil density based on the
results published by Cruvinel and collaborators.
The present paper describes a tool for an analytical approach
of the Compton effect. It enables a graphic display of information
on photon scattering to aid the decision-making process of
deﬁning experimental arrangements. The main contribution of
this work concerns the visual and quantitative analysis of photons
scattered by the Compton effect by inserting data to the Compton
photon detection equation. The time window, the detector efﬁ-
ciency in the photopeak energy, as well as its position, the energy
and the ﬂux of incident photons can be used as data for a graphic
display of Compton photon variations. Such approach enables a
more realistic understanding of the experimental behavior of the
photons scattered by the Compton effect.2. Materials and methods
To validate the method, a case study was used considering:
(i) an X-ray source for energy values between 0.5 and 100 keV and
photon ﬂux variation of 1 k to 150 k, (ii) a detector efﬁciency of 2%
in the photopeak region, (iii) time window varying from 10 to
100 s, with an increment of 10 s from the initial value, (iv) the
chemical compound silicon dioxide (SiO2) as a sample, which
presents physical density (r) equal to 2.32 g/cm3, effective atomic
number (Zef) equal to 11.56 atom/mol and molar mass equal to
60.07 g/mol, and (v) a geometric arrangement for experiments
using the Compton effect.
The geometrical arrangement parameters used in this case
study were: (i) positioning of the detector (scattering angle (y))
ranging from 0 to 1801, (ii) a 5.40 cm wide by 5.40 cm long
phantom and (iii) distance from the phantom wall to its center
(x1
0) equal to 2.70 cm.
The Compton scattering takes into account the following
items: experimental design, type of material under analysis,
technical characteristics of both Gamma and X-ray sources, and
detectors. Fig. 1 presents the geometrical arrangement used for
the simulation.
In Fig. 1, it is possible to notice that the source and the detector
ﬁelds of view are cone-shaped (source - straight lines s and t,
detector - straight lines r and n). The intersection of both cones,
whose limits are given by points Z1, Z2, Z3 and Z4, generates a
volume called cone intersection volume of the ﬁelds of view. The
detected photons are generated by photon–electron collisions
within this intersection volume. The detector positioning, after
choosing the scattering angle y, determines the Compton cross-
section and the energy of scattered photons. The diameters of the
source and the detector collimators along with their lengths
determine the half-angles c and b, which consequently inﬂuence
the intersection volume. In this work, the linear attenuation
coefﬁcient of the air has been neglected, due to its low value in
a broad range of energies. Therefore, distances x1 and x2, given in
Eq. (16) as the distances between the source-sample and the
sample-detector, respectively, become the distances traveled by
the photons within the sample.
In this simulation, only the linear attenuation coefﬁcients (m)
and the material within the phantom, related to the incidence
(m1) and the scattering energy (m2), have been taken into account.
Due to its quadratic form, the choice of angle y inﬂuenced the
distance traveled by the Compton photon within the sample (x2
0).
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constant because not changed the source position and its value
was the same as half of the phantom length value (cp/2).
XCOM software [43] allowed obtaining the linear attenuation
coefﬁcient values by selecting the energy range of scattered or
incident photons, the data on chemical formulations or the
element symbol in the periodic table and physical density of the
element or chemical compound.
The organized modeling for the photon scattering simulation
by the Compton effect was based on the general photon detection
equation (Eq.(16)), however including two new terms for a more
realistic approach [24]. The two terms that contribute to the
amount of photons detected were time window in second t and
detector efﬁciency e in the photopeak energy region. By adding
these terms into Eq. (16), it can be rewritten as:
SðEÞ ¼F0etexp 
Z
x0
1
m1ðxÞdx
Z
x0
2
m2ðxÞdx
 !
desKN
dO
dedVdO: ð17Þ
The contribution of the linear attenuation coefﬁcient with the
incident and the scattering energies in Eq. (17) was named linear
attenuation factor (cfat(m, x)) and the differential Klein–Nishina
cross-section (Eq. (10)) was named KN.
The linear attenuation coefﬁcient factor (cfat (m, x)) is given by
equation:
cf atðm,xÞ ¼ exp 
Z
x0
1
m1ðxÞdx
Z
x0
2
m2ðxÞdx
 !
: ð18ÞFig. 1. A typical geometric arrangement used for experiments on Compton scattering
detector ﬁelds of view, y is the scattering angle, c and b are the source and detector ape
ls and ld represent the source and the detector length, respectively, Ds and Dd represent
indicate the source-sample center and the sample center-detector distances, respective
the detector, O is the center of the sample, x1
0 is the distance (cm) traveled by the inciden
within the sample.In addition, Eq. (17) has been normalized to both volume unit
dV and differential solid angle unit dO, resulting in:
SðEÞ
dVdO
¼F0tecf atðm,xÞKNde ð19Þ
where the resulting value is given in photons/(sr cm3).
Using Eq. (19), the simulation can be conducted in three
stages: (i) scattering angle variation (Dy), (ii) energy variation of
incident photons (DE0) and (iii) ﬂux variation of incident photons
(DF0).
Fig. 2 illustrates the block diagram of the developed model for
the analytical approach of the Compton effect visual character-
ization, which has been implemented in Matlab (MathWorks). It
also shows the geometric arrangement and the parameters used
for the model established for the simulation process.
Once the element or chemical compound has been chosen, one
determines either the atomic number Z (element) or the effective
atomic number Zef (compound), the physical density of the
material (r) and the atomic mass A (element) or molar mass Am
(compound) based on the values in the literature. The electron
density (de) is calculated using values of Z or Zef, A or Am, r and the
value of the Avogadro’s number NA.
The incident photon energy (E0) determines the energy of the
Compton photons (E) together with the choice of the scattering
angle (y) and the ratio between energy E0 and the rest energy of
the electron (alf). The choice of angle y determines the path
traveled by the scattered photon (x2
0) within the quadratic
phantom and also the Klein–Nishina cross-section (KN). Variable. Variables Z1, Z2, Z3 and Z4 represent the intersection limits of both source and
rture, respectively, lg and cp represent the phantom width and length, respectively,
the diameters of the source and the detector collimators, respectively, DSA and DAD
ly, lz is the distance between the center of the sample and the Z-axis coordinate of
t photon within the sample and x2
0 is the distance traveled by the scattered photon
Fig. 2. Block diagram of the analytical approach model for the Compton effect with visual characterization.
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(2.821013 cm) and variable alf. The linear coefﬁcient factor
(cfat) uses the values of the path traveled by the incident photon
(x10) and the scattered photon (x20), the linear attenuation coefﬁ-
cients for incident (m1) and Compton energy (m2). The normalized
equation for the detected photons uses the values of the time
window (t), the incident photon ﬂux (F0), the detector efﬁciency
in the photopeak region (e) and variables de, KN and cfat.
Fig. 3 shows the tool output for both graphical and analytical
approaches on the scattering of photons by the Compton effect.
The graphical output produced by the tool illustrates the
variation of the scattering of photons by the Compton effect using
input parameters, such as energy (E0) and ﬂux of incident photons
(F0) and scattering angle (y), which determines the energy of
the scattered photons that reach the detector. The results pro-
duced graphically are presented through statistical parameters
such as variance (s2d), standard deviation (sd) and coefﬁcient of
variation (CV).3. Results and discussion
For the case study, the validation results of the simulation
model developed have been presented in four graphicaloutputs: (i) polar graphics for scattering angle variation (Dy)
ranging from 0 to 1801, (ii) semi-logarithmic graphics for energy
variation (DE0) of incident photon ranging from 0.5 to100 keV,
(iii) linear graphics for the variation of incident photon ﬂux (DF0)
ranging from 1 k to 150 k photons/cm2 and per seconds and (iv)
statistical parameter tables of the results obtained through
scattering angle variation, the energy and the ﬂux of incident
photons in relation to the amount of scattered photons per
volume unit and per solid angle unit (Fig. 3).
The variation of the distance traveled by the Compton photon
within the phantom (x2
0) is illustrated in Fig. 4. This ﬁgure shows
that, for a quadratic phantom, the photon path distance is
strongly dependent on the position of the detector. Considering
the phantom center, the phantom diagonals are located at 451 and
1351. In a circular phantom, this distance would be a constant of
the value equivalent to the circle radius.
The linear attenuation coefﬁcient factor has shown that there
were correlations with distances x10 and x20, respectively, for m1 and
m2. Variable x10 has a constant value since the X-ray source does
not move. On the other hand, the variation of the detector
positioning given by the scattering angle (y) inﬂuenced the
variation of variables x20 and m20, as well as cfat.
Fig. 5 shows how the phantom shape can inﬂuence the linear
attenuation coefﬁcient factor (cfat). The angle position of the
Fig. 4. Graphical output to evaluate the variation of the distance traveled by the
Compton photon (x20 ) within the sample according to the scattering angle (y).
Fig. 5. Graphical output to evaluate the variation of the linear attenuation
coefﬁcient factor (cfat) versus scattering angle (y).
Fig. 6. Graphical output to evaluate the variation of Klein–Nishina cross-section
according to the scattering angle (y).
Fig. 3. Graphical display produced by the simulation model including the statistical information.
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the ﬁrst from 01 to 451, the second, from 451 to 1351 and the third,
1351 to 1801. The non-similarity of the graphic is due to the
different distances traveled by incident and scattered photons,
besides their respectively linear attenuation coefﬁcients.
The scattering angle variation inﬂuenced the Klein–Nishina
cross-section, as depicted in the graphical output of Fig. 6. This
output shows the incident energy and the scattering angle
variation inﬂuenced the Klein–Nishina cross-section amplitude.
The amplitude was inversely proportional to the incident photon
energy E0 by the increase of variable a, as predicted by Eq. (15).
It is important to mention that, depending on the scattering
angle, the position of the detector inﬂuences the scattered photon
energy (E), the Klein–Nishina cross-section and the linear attenua-
tion coefﬁcient (m2) for the scattering energy. Thus, the analysis by
Compton scattering, especially concerning attenuation, can be
Table 1
Statistical parameters of the results obtained by varying the scattering angle for a
time window of 20 s: variance (sd2), standard deviation (sd) and coefﬁcient of
variation (CV).
Statistical
Parameters
Energy (E0) [keV] & incident photon ﬂux (U0) [photons/
(s cm2)]
E0¼50 E0¼100
U0¼15 k U0¼150 k U0¼15 k U0¼150 k
rd
2 1.09 109.05 7.53 752.67
rd 1.04 10.44 2.74 27.43
CV 64% 64% 42% 42%
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incident energy, the interaction of radiation with the matter may
present a predominance of the Compton effect before the collision of
the electron and the photon. After that, the photoelectric effect
becomes predominant due to the energy loss suffered by the
photon.
The graphical outputs of the scattering angle variation (Fig. 7)
are some examples of the several graphics generated by the
simulation process for all energy and initial photon ﬂux range
used. Comparing Figs. 5 and 7, it is evident that there is a strong
inﬂuence of the linear attenuation coefﬁcient on the ﬁnal result of
the amount of scattered photons, seen from the scattering angle
variation perspective. The inﬂection points at 451 and 1351 (Fig. 5)
can also be seen in Figs. 7(a) and (b). These points represent the
longest distance traveled by the scattered photon within the
sample (Fig. 4). In this situation, distance x2
0 reaches its maximum
and, as cfat is inversely proportional to x20, it leads to a reduction
in the amount of Compton photons.
Table 1 shows the inﬂuence of the scattering angle variation
(Dy) on the amount of Compton photons per volume unit (dV) and
solid angle unit (dO) in terms of statistical parameters, like
standard deviation (sd), variance (s2d) and coefﬁcient of variation
(CV).
For the case study considered, the scattering angle variation
(Dy) versus incident energy (E0) ranging from 50 keV to 100 keV
caused a reduction from 64% to 42% in the CV value, respectively.
There were no changes in the CV for the same value of E0 and
variation of F0, because the energy variation behaved as a rising
exponential function. In other words, for higher values of the
energy of incident photons, the variation in the amount ofFig. 7. Graphical output to evaluate the detection of the amount of Compton
photons normalized to both volume unit (dV) and solid angle unit (dO) as a
function of the scattering angle (y) for different time windows and initial ﬂux of
150 k [photons/(s cm2)]: (a) incident photon energy of 50 keV and (b) incident
photon energy of 100 keV.scattered photons is low because the function tends to be
stabilized with high values of E0. For a same value of E0, there
was no change in the CV value related to the variation of F0, since
it behaved linearly.
The examples of outputs to evaluate the inﬂuence of energy
variation on the amount of scattered photons are illustrated in
Fig. 8.
Concerning the energy variation of incident photons, the
probability of detecting Compton photons for angles of 301, 901
and 1201 and ﬂux values of incident photons of 1 k, 15 k and 150 k
was evaluated and simulated. The examples of graphical outputs
generated for the energy range between 40 keV and 100 keV are
illustrated in Fig. 8. It is possible to observe the exponential
behavior of the count of scattered photons per volume unit and
solid angle unit concerning the energy variation of incident
photons. Such behavior was due to the inﬂuence that incident
energy E exerted on the scattering energy E0 and also over the
linear attenuation coefﬁcients m1 and m2. These coefﬁcients
presented a negative exponential behavior due to the increase
in the photon energy and because the variable cfat was inversely
proportional to this increase. This behavior is reﬂected in the ﬁnal
result. Besides the linear attenuation coefﬁcient, the incident
energy also inﬂuenced the Klein–Nishina cross-section inversely,
as shown in Fig. 6.
Table 2 shows the inﬂuence of the energy variation of incident
photons on the amount of scattered photons per volume unit (dV)
and solid angle unit (dO) in terms of statistical data such as standard
deviation (sd), variance (s2d) and coefﬁcient of variation (CV).
The information presented in Table 2 shows that there was an
increasing variation in the CV value due to the scattering angle
variation in the energy range of E0 for the interval between 40 keV
and 100 keV. This variation is shown in Fig. 7, in which the
asymmetric variation is directly proportional to the increased angle
process. For the same value of y, the variation of F0 did not change
the value of CV and kept the same angular range previously shown.
The graphical output examples illustrated in Fig. 9 and
obtained by varying the ﬂux of incident photons clearly illustrate
its direct proportionality in the detection of scattered photons.
There was a linear behavior in Compton photons detection per
volume unit and solid angle unit, in which the Compton photon
variation was directly proportional to the increase of the incident
photon ﬂux. Such behavior is easily explained since the photons
detected by Compton scattering are products of collision of
incident photons with electrons in the outer layer of the atom.
Table 3 illustrates the inﬂuence of the incident photon ﬂux
variation on the amount of scattered photons per volume unit (dV)
and solid angle unit (dO) concerning statistical parameters like
standard deviation (sd), variance (s2d) and coefﬁcient of variation (CV).
The results presented in Table 3 show that the variation of the
incident photon ﬂux did not inﬂuence the value of CV (57%) after
the angle and energy modiﬁcations. As predicted by Eq. (17),
Fig. 8. Graphical output to evaluate the detection of the amount of Compton photons normalized to both volume unit (dV) and solid angle unit (dO) versus energy
variation of incident photons (40–100 keV) through semi-logarithmic graphics and different time windows: (a) scattering angle of 901 and initial ﬂux of 15 k [photons/
(s cm2)] and (b) scattering angle of 1201 and initial ﬂux of 150 k [photons/(s cm2)].
Table 2
Statistical parameters of the results obtained by varying the incident photon energy for a time window of 20 s: variance (sd2), standard deviation (sd) and coefﬁcient of
variation (CV).
Statistical
Parameters
Scattering Angle (h) [1] & incident photon ﬂux (U0) [photons/(s cm
2)]
h¼301 h¼901 h¼1201
U0¼15 k U0¼150 k U0¼15 k U0¼150 k U0¼15 k U0¼150 k
rd
2 9.10 910.18 2.56 255.49 2.29 229.33
rd 3.02 30.17 1.60 15.98 1.51 15.14
CV 45% 45% 46% 46% 52% 52%
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result. On the other hand, the values of y and E0 inﬂuenced the
results of the dependent variables, as cfat and KN.
Additionally, the graphical output shows that, for some con-
ﬁgurations of angle, energy, ﬂux and time window, there was no
detection of photons. Table 4 depicts the parameter conﬁgurationin which it is possible to detect at least one photon scattered by
the Compton effect. Furthermore, for the given boundary condi-
tions it is possible to notice that the incident photon energy to
detect at least one photon scattered by the Compton effect
presents a direct proportionality to the scattering angle (y) and
an inverse proportionality to the incident photon ﬂux (F0).
Fig. 9. Graphical output to evaluate the detection of the amount of Compton photons normalized to both volume unit (dV) and solid angle unit (dO) versus variation of
incident photons ﬂux (1 k–150 k [photons/(s cm2)]) for different time windows: (a) scattering angle of 301 and 50 keV incident photon energy and (b) scattering angle of
901 and 100 keV incident photon energy.
Table 3
Statistical data of the results obtained by varying the ﬂux of incident photons for a
time window of 20 s: variance (sd2), standard deviation (sd) and coefﬁcient of
variation (CV).
Statistical
Parameters
Scattering angle (h)[1] & energy (E0) [keV]
h¼301 h¼901 h¼1201
E0¼50 E0¼100 E0¼50 E0¼100 E0¼50 E0¼100
rd
2 59.44 718.27 13.30 191.56 5.53 151.63
rd 7.71 26.80 3.65 13.84 2.35 12.31
CV 57% 57% 57% 57% 57% 57%
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The graphical output produced by the tool allows visualizing
the inﬂuence of the scattering angle and some parameters, such
as energy and incident photon ﬂux on the ﬁnal result of Compton
scattering. The output also allows observing how the incidentphoton ﬂux (F0) generates a linear variation in the detected
Compton photons, due to its isolated impact, as predicted by
Eq. (19). On the other hand, it is also possible to evaluate
independent variables, such as scattering angle (y) and energy
of incident photons (E0), and how they are related with the
nonlinear nature inﬂuence on the Compton scattering. Such
inﬂuence can happens due to the impact of the Klein–Nishina
differential cross-section and the factor regarding the linear
attenuation coefﬁcients that can be considered in the experi-
mental arrangements, whose variation follows a decreasing
exponential.
The case study showed that the scattering angle variation for a
50 keV energy was the assessment parameter to detect the
amount of Compton photons that presented the highest coefﬁ-
cient of variation (CV), i.e., 64%. The explanation lies in the
exponential nature of the linear attenuation coefﬁcient function,
in which its variation increases as the incident photon energy
decreases. For the boundary conditions considered, the minimum
value of the incident energy to detect at least one Compton
photon was 35 keV. Such detection energy can be lower if better
Table 4
Incident Energy (E0) values [keV] in which it is possible to detect at least one Compton photon per volume unit and per solid angle unit [photon/(cm
3.sr)].
Time
window [s]
Incident photon ﬂux (U0) [photons/(s cm
2)] & scattering angle (h) [1]
U0¼1 k U0¼15 k U0¼150 k
h¼301 h¼901 h¼1201 h¼301 h¼901 h¼1201 h¼301 h¼901 h¼1201
10 – – – 48.2 54.0 57.5 39.7 41.8 43.9
20 – – – 44.7 48.5 51.3 38.2 39.8 41.9
30 – – – 43.2 46.3 48.8 37.4 39.0 40.8
40 65.5 – – 42.3 45.0 47.4 36.9 38.3 40.2
50 59.5 – – 41.5 44.1 46.5 36.5 37.9 39.7
60 56.3 – – 41.0 43.4 45.7 36.2 37.5 39.3
70 54.3 70.5 91.0 40.6 42.9 45.2 35.9 37.2 39.0
80 53.0 65.0 73.0 40.0 42.5 44.5 35.7 37.0 38.8
90 51.9 61.6 67.6 39.5 42.1 44.2 35.6 36.8 38.5
100 51.8 59.4 64.6 39.7 41.7 43.8 35.4 36.6 38.3
F.A. Scannavino Jr., P.E. Cruvinel / Nuclear Instruments and Methods in Physics Research A 674 (2012) 28–3838detectors are used in the photopeak region, presenting better
efﬁciency and resolution in energy.
The Compton effect can support the characterization of physical
quantities of a given sample and be applied to medicine, industry,
agriculture and other areas of knowledge. The information pre-
sented in this paper was useful for comparisons and evaluations of
laboratory measurements using the Compton scattering in studies of
agricultural soil compaction. Additionally, such strategy will allow
validating a computational model that deals with the scattering of
photons by the Compton effect and dedicated instruments that have
been implemented at Embrapa Instrumentation.Acknowledgments
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